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DOI: 10.1039/b911714hIn this article, a facile static breath-figure (BF) method to prepare highly ordered polystyrene (PS)
thin films was reported. The static process was robust and tolerated more variability in casting
conditions, although non-polar linear PS was not believed to be a good candidate for the BF technique.
In the following UV irradiation, not only were the microporous structures well preserved, but also
thermal and chemical resistance of the films was significantly improved due to the cross-linkage.
Moreover, the surface wettability was changed from hydrophobicity to hydrophilicity. The cross-linked
honeycomb structured PS films became resistant to a wide range of organic solvents and thermally
stable up to 250 C, an increase of more than 150 K as compared to the uncross-linked films. The
simple cross-linking operation opened the door to facilely fabricate robust and low-cost microporous
polymer films.Introduction
Highly ordered polymeric films have attracted significant interest
due to their potential applications in the fields of separation,
tissue-engineering, photonic band gaps, electronics and catal-
ysis.1 However, it remains a challenge to achieve hierarchical
structures in the synthetic world. Several methods have been
applied to fabricate regularly microporous films with ordered
structures including lithography,2 colloidal crystal3 and emul-
sions,4 etc. However, the cost of the mentioned methods raises
the whole process price. Because of the drive towards cheaper,
faster, and denser systems, a greater importance has been given
to phenomena such as self-assembly and other self-organization
processes.5 The breath-figure (BF) process is one of the most
promising self-assembly strategies for the fabrication of large size
patterns having an ordered 2-dimensional array of holes,6 which
is described as follows. A polymer solution of a water-immiscible
solvent is cast under high humidity. Hexagonally packed water
microdroplets are formed by evaporation cooling on the solution
surface and then transferred to the solution front in the
convectional flow or by the capillary force. After solvent evap-
oration, the honeycomb-patterned polymer film is formed with
the water droplet array as a template. Finally, microporous
polymer films are obtained after water evaporation. Various
types of polymers can be fabricated as a honeycomb-patterned
film with a controlled pore size, ranging from hundreds of
nanometres to hundreds of microns.7 This simple method offers
new prospects in the field of microporous films,8 as well as other
technical advantages of low-cost and large area applicability.
In order to be used for the practical applications with less
limitation, the good thermal and chemical stability of the porous
films in harsh environments are required. However, the polymersaCollege of Materials, Xiamen University, Xiamen, 361005, P. R. China.
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7222 | J. Mater. Chem., 2009, 19, 7222–7227applied so far are mainly soluble so that the porous structure of
the film is readily changed if it is treated by some organic solvents.
Generally, the chemical components and aggregate structures of
the polymer used as matrix play an important role in the film
robustness. Cross-linking should be an efficient method, targeting
the stable film structure against solvents and heat annealing.
Compared with chemical cross-linking, the photochemical cross-
linking process is operated at room temperature and is easier to
control, which is helpful for the preservation of 3-dimensional
(3D) structures after UV treatment.9,10 Lu et al. reported that
stable multilayer ultrathin films were constructed by alternate
deposition of nitro-diazo resin and Ag nanoparticles followed by
UV irradiation.10a It was proposed by Karthaus et al. that
photochemical cross-linkable honeycomb films containing a pol-
y(cinnamate) composition showed excellent stability achieved by
UV irradiation.10b In order to achieve chemical cross-linking,
a peculiarly cross-linkable chemical structure such as azide and
cinnamate composition, is indispensable. This may limit the
choice of polymers for breath-figure process.
Polystyrene (PS), a commercially available plastic without any
polar groups, can obtain a cross-linked structure by UV irradi-
ation11 which makes it a candidate as a thermal and chemical
stable matrix for honeycomb films. The chemical processes
taking place in PS upon exposure to deep UV irradiation are
complicated, with cross-linking, chain scission, and oxidation.
However, under certain conditions, say, irradiation with a dose
of 25 J/cm2, the effect of cross-linking dominated. This technique
has been further developed to fabricate nanoporous functional
polymeric films by selectively cross-linking the PS matrix and
degrading a poly(methyl methacrylate) (PMMA) minority in
a PS-b-PMMA diblock copolymer.12 In this article, we present
a static breath-figure method to prepare honeycomb structured
PS thin films. In the following UV irradiation, not only is the
porous structures well preserved, but also thermal and chemical
resistance of the films is significantly improved due to the
cross-linkage. Furthermore, the surface wettability is changed












































View Article Onlinestructured films become resistant to a wide range of organic
solvents and thermally stable up to 250 C, an increase of more
than 150 K as compared to the uncross-linked films.
Experimental section
Materials
A commercially available PS sample with a molecular weight
(Mw) of 214.8k and a polydispersity index (PDI) of 1.67, was
purchased from Asahi Chemical Company and used as received.
Two PS samples with Mw of 40k (PDI ¼ 1.54) and 15k (PDI ¼
1.47) were prepared via thermal polymerization.13 All the
chemical reagents were used as received without further purifi-
cation unless stated otherwise.
Preparation of honeycomb films
The glass substrates (0.5  1 cm2) were cleaned by detergent and
acetone successively and air dried. A static breath-figure process
was operated in a 25 mL straight-mouth glass bottle with a cap.
A saturated relative humidity in the vessel was achieved before-
hand by adding 2 mL distilled water into the bottle. A piece of
cleaned glass substrate was adhered on the top of a plastic stand
with double-sided tape and placed into the glass vessel. The glass
substrate was 1 cm higher than the liquid level. Polymer solutions
with different concentrations were prepared by dissolving PS
pellets in carbon disulfide (CS2). The micro-patterned film was
prepared by casting a 100 mL polymer solution onto the substrate
with a microsyringe. With organic solvent volatilization, the
transparent solution surface became turbid. The film was taken
out for microscope observation after complete solvent evapora-
tion. All the experiments were carried out at room temperature
unless stated otherwise.
Photochemical cross-linking
The photochemical cross-linking was performed at 30 C in
a ZWLH-5 UVO cleaner (Tianjin, China) in the presence of air,
by exposing the polymer films to UV light. The cleaner generated
UV emissions at a wavelength of 254 nm and power of 500 W.
The distance between the UV source and the film surface was
10 cm.
Thermal and solvent treatment
Thermal treatment was carried out in air with a hot stage
(METTLER TOLED FP82HT). The temperature was increased
to 350 C with a rate of 10 C/min. Solvent treatment was carried
out to immerse the polymer films into the organic solvents for
one minute and then the film was air dried for microscope
observation.
Characterization
The relative molecular weights were measured by a Waters gel
permeation chromatography (GPC) system equipped with
a Waters 1515 Isocratic HPLC pump, a Waters 2414 refractive
index detector (RI), a Waters 2487 dual l absorbance detector
(UV) and a set of Waters Styragel columns (HR3, HR4 and
HR5, 7.8  300 mm). GPC measurements were carried out atThis journal is ª The Royal Society of Chemistry 200935 C using purified tetrahydrofuran (THF) as eluent with
a 1.0 mL/min flow rate. The system was calibrated with poly-
styrene standards. Scanning electronic microscopy (SEM)
images were obtained using a Hitachi S4800 scanning electron
microscope. A 10 KeV electron beam was used for the obser-
vation with a working distance of 10 mm in order to obtain
secondary electron images. Atomic force microscopy (AFM)
measurements were carried out in the tapping mode with a Seiko
Instruments SPA400. We used silicon tips with a spring constant
of 20 N/m. FTIR spectra were obtained using a Nicolet Avatar
360 with a Ge window. All spectra (32 scans at a resolution of
4.0 cm1) were recorded at 25 C and corrected for the atmo-
spheric background spectra at fixed intervals from 680–4000
cm1. XPS spectra were acquired with a PHI Quantum 2000
spectrometer using monochromated X-rays from an Al Ka
source with a take-off angle of 45 from the surface plane. The
atomic fractions of carbon and oxygen were computed using the
attenuation factors provided by the supplier and the sum of these
atomic fractions was normalized to unity. Thermogravimetric
analysis (TGA) was taken on a Netzsch STA 409 EP Thermal
Analyzer. The sample was heated from 25–450 C at a rate of
5 C/min and held for 5 h under air. The static contact angle (CA)
was measured with a JC2000A optical contact angle equipment
at room temperature.Results and discussion
Although a variety of polymers have been used to prepare
honeycomb structured films by the BF method, the pattern
forming mechanism is not yet well understood. The process has
many variables, including the polymer’s chemical nature and
structure, choice of organic solvent and surface, temperature,
airflow velocity, and humidity level. Different polymers require
different preparation conditions, which make the process more
empirical. Block copolymers and polymers with polar end groups
are believed to be good candidates to prepare porous films by the
BF method because of their high segment density which could
effectively stabilize water droplets in the BF method.6b For non-
polar polymers of PS, only appropriate solution viscosity is
achieved, and monodisperse water droplets can condense on the
solution surface. Then the polymer stabilizes the droplets by an
attractive interaction and inhibits their coalescence,14 resulting in
a highly uniform size of holes after the water droplets evaporate
completely. Therefore, the proper Mw is an important factor in
the breath-figure process of PS microporous films.15 Herein,
a commercially available PS sample with a Mw of 214.8k is
employed.
Fig. 1a is a photograph of a glass sheet, on which a structured
film of PS has been formed by casting a CS2 solution with
a concentration of 35 mg mL1. As expected from the highly
ordered structures, the film exhibits an interesting nacre color
due to sunlight diffraction and interference effects.16 More
precise microscopy studies by SEM and AFM are shown in
Fig. 1b and 1c, respectively. The SEM image taken at an oblique
angle of 40 demonstrates that the film surface is made up by
layer of highly ordered honeycomb structures with identical sizes
of 1.7 mm supported by polymer pillar structures. The associated
fast Fourier transform (FFT) of the SEM image (inset in
Fig. 1b), with first- and high-order spots, indicates the veryJ. Mater. Chem., 2009, 19, 7222–7227 | 7223
Fig. 1 (a) Photograph of sunlight diffraction obtained from a honey-
comb structured PS film on a glass substrate. (b) Scanning electron
micrograph of microporous PS film taken at an oblique angle of 40. (c)
AFM image of microporous PS film. (d) Cross-section view of honey-












































View Article Onlineregular character of the main structures. The cross-section view
(Fig. 1d) confirms that network structures propagate through the
film and becomes interconnected.
Compared with a dynamic process, the saturated relative
humidity is achieved beforehand without the need of a flow of
gas. Any uncertainties caused by flow disturbance are minimized.
In fact, the static breath-figure process is a robust method toFig. 2 Scanning electron micrographs of microporous PS films prepared
under various conditions. (a) Mw¼ 214.8k, 12 mg mL1; (b) Mw¼ 214.8k,
35 mg mL1, 4 C; (c) Mw¼ 214.8k, 60 mg mL1; (d) Mw¼ 214.8k, 120 mg
mL1; (e)Mw ¼ 40k, 50 mg mL1; (f) Mw ¼ 15k, 90 mg mL1.
7224 | J. Mater. Chem., 2009, 19, 7222–7227fabricate highly ordered polymer films, which tolerates more
variability in casting conditions, including molecular weight,
temperature and solution concentration. Microporous polymer
films having identical surface features are repeatable in each
batch. More microporous PS films prepared by the static BF
process under various conditions are imaged by SEM and shown
in Fig. 2. To our best knowledge, this is the first report on breath-
figure arrays using a non-polar linear PS/CS2 system.
6,15
It has been reported that PS could be effectively cross-linked
under deep UV irradiation in certain conditions, though the
mechanism was controversial. The well accepted mechanism for
PS is stated below11 and drawn in Scheme 1. By abstracting
hydrogen atoms from polymer molecules, macroradicals are
formed during the irradiation. The movement of polymer
macromolecules in the solid state is restricted, but free radicals
can migrate along the polymer chain until they are trapped by
other free radicals or by impurities. When two macroradicals are
close to each other, the cross-linking may occur. Alkoxy polymer
radicals produced during the photolysis of hydroperoxide groups
may decompose by a b-scission and form carbonyl groups, which
endows the polymer polarity. The photochemical process was
monitored by FTIR and XPS and the thermal stability of the
polymer before and after UV irradiation was checked by TGA.Scheme 1 Cross-linking mechanism of PS under deep UV irradiation.
This journal is ª The Royal Society of Chemistry 2009
Fig. 3 (a) FTIR spectra of PS films before and after UV irradiation. XPS spectra of PS films before (b) and after (c) UV irradiation. The core level scans
of carbon and CA photographs of water droplets are shown in the insets. (d) TGA plot of PS before (filled squares) and after (opened squares) UV












































View Article OnlineA PS film was irradiated for 4 h as described in the Experi-
mental Section and soaked in chloroform. Insoluble remains
were found on the substrate indicating PS could be cross-linked
under the experimental conditions. The film thickness was
dramatically decreased, as observed by the naked eye. It reveals
that the cross-linking reaction occurred mostly on the top
surface. The remaining film was scratched off and dried for the
FTIR measurement (Fig. 3a). In the spectrum of the unmodified
film, the three peaks of 1600, 1500 and 1400 cm1 are identified as
the aromatic C–C bonds and C–H bending vibrations of the
benzene ring. After 4 h irradiation, the most significant difference
in the spectra is the appearance of an intense and broad band
around 1733 cm1 that can be attributed to the formation of
carbonyl (–C]O) containing species (as pointed by the arrow).
Fig. 3b and c show the XPS spectra of un-cross-linked and cross-
linked PS films, respectively. The spectra consist of peaks which
are assigned to carbon (284 eV) and oxygen (532 eV). The atomic
fractions of carbon and oxygen are determined from the inten-
sities of the C 1s and O 1s peaks, as a function of exposure time.
In the un-cross-linked film, although ca. 5% oxygen atomic
fraction is detected (Fig. 3b), the core level scan of carbon (the
left inset in Fig. 3b) shows a single and intense peak at 284 eV
indicative of the sole existence of alkyl carbon (–C–C–) on the
top surface. This suggests that a trace amount of pollutant is
adhered to the film surface. Before the photochemical process,
the porous film is hydrophobic with a static contact angle of 103
(the right inset of Fig. 3b), which is much larger than that of flat
PS film (CA is 89). According to the Wenzel model,17 the
hydrophilicity of a hydrophilic surface and the hydrophobicity of
a hydrophobic surface are enhanced as the surface roughness
increases. After 4 h irradiation (Fig. 3c), the peak intensity atThis journal is ª The Royal Society of Chemistry 2009532 eV significantly improves, corresponding to 38% oxygen
atomic fraction. In the core level scan of carbon (the left inset in
Fig. 3c), broad shoulder peaks appear at 287 and 289 eV, indi-
cating the formation of polar groups containing oxygen as
illustrated in Scheme 1. Because of the introduced polar groups,
the film becomes hydrophilic and the CA is significantly
decreased to 35 (the right inset in Fig. 3c). The microporous
polymer films with improved surface wettability have a potential
application of cell scaffolds as reported in our previous publi-
cation.18 The TGA data of PS before and after UV irradiation
are sorted out and plotted in Fig. 3d. It is evident that the thermal
decomposition rate of cross-linked PS is slowed down because of
the prohibited unzipping and depropagation processes.19
The top and cross-section views of the resultant honeycomb
films after different UV irradiation time are shown in Fig. 4. It is
evident that both ordered microporous features and network
structures are well maintained (Fig. 4a–c) when irradiation times
are less than 4 h. Compared with the as-prepared films, the walls
of pores in the 4 h cross-linked films become slightly thinner
because of partial photo-degradation of PS during the UV irra-
diation. With increasing the irradiation time to 6 h, the effect of
chain scission is found to be predominant. Ordered surface
features are totally destroyed, though the network structures are
preserved (Fig. 4d). The thermal resistance of the cross-linked
films is characterized by heating the films up to 250 C with
a programmed temperature on a hot stage in air. The obtained
honeycomb structures begin to melt and collapse upon heating
up to 100 C (the glass transition temperature, Tg, of the PS
matrix), and totally disappeared at 130 C. In situ optical
microscope observations show that the thermal stability of the
cross-linked microporous structures depends on the irradiationJ. Mater. Chem., 2009, 19, 7222–7227 | 7225
Fig. 5 Scanning electron micrographs of microporous PS films after UV
irradiation and thermal treatment up to 250 C. (a) 2 h, top view; (b) 4 h,
top view and (c) 4 h, cross-section view. (d) Scanning electron micrograph
of microporous PS film after 4 h UV irradiation and organic solvent
immersion.
Fig. 4 Scanning electron micrographs of microporous PS films after
different UV irradiation time. (a) 2 h, top view; (b) 4 h, top view; (c) 4 h,












































View Article Onlinetime. 4 h of irradiation is required to make honeycomb films
stable to 250 C. Since optical microscopy gives little information
about the 3-dimensional structure, electron microscopy is used to
assess the structures. It is found that most of the honeycomb
structures disappear in a 2 h cross-linked film after thermal
treatment (Fig. 5a). Top view of 4 h cross-linked film demon-
strates that surface features of a single layer of ordered micro-
pores are well preserved even at 250 C (Fig. 5b) though the film
color turns to deep yellow due to the thermal oxidation at high
temperature. However, the cross-section view shows that
network structures disappear after thermal treatment (Fig. 5c).
As mentioned above, the photochemical cross-linking in PS
occurs mostly on the film surface. With the increase of temper-
ature, the pillar structures begin to melt. The network structures
collapse and fill with polymer. Microporous structures on the top
surface sink down on the formed dense polymer stratum. The
photo-chemical cross-linking improves not only the thermal
stability, but also the resistance against organic solvents.7226 | J. Mater. Chem., 2009, 19, 7222–7227Immersed in chloroform, a good solvent for PS, the as-cast film
(un-cross-linked) immediately dissolves. The film after 4 h irra-
diation, on the other hand, is stable against dissolution. The
SEM image of the remaining microporous structures is shown in
Fig. 5d. Using the same method, we conclude that the cross-
linked film is stable against a wide variety of solvents, including
chloroform, tetrahydrofuran, toluene, CS2 and benzene.Conclusion
Highly ordered honeycomb films have been successfully prepared
by using the breath-figure method with a commercially available
plastic, PS. In the following UV irradiation, polymer films are
effectively cross-linked without deforming the honeycomb
structures. Both thermal stability and solvent resistance of the
cross-linked films are significantly improved. Moreover, the
surface wettability becomes hydrophilic due to the introduction
of polar groups during the UV exposure. The simple cross-
linking operation opens the door to facilely fabricate robust and
low-cost microporous polymer films, which offer promising
applications in biomaterials.Acknowledgements
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